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Abstract
We describe a method to measure in vivo migration of human T cells by using the near-infrared (NIR)
dye IRDye800CW. Labeling of Epstein–Barr virus-specific T cells with IRDye800CW did not affect
viability, proliferation, or T cell function. Following tail vein injection into mice bearing
subcutaneous tumors, the NIR signal could be measured in vivo at the tumor site. Analysis of tumors
revealed T cell infiltration and an increased NIR signal, confirming T cell migration. To test specific
migration with IRDye800CW, tumors were modified to express CCL5 to measure site-specific
migration. The NIR signal was increased at CCL5-secreting tumors compared with control tumors.
Together, these data suggest that IRDye800CW may be used to study the trafficking of T cells in a
small animal model and may have potential as a short-term reporter molecule for human
immunotherapy studies.

1. Introduction
Adoptive transfer of antigen-specific cytotoxic T lymphocytes (CTLs) is a promising therapy
for cancer [1,2]; however, durable antitumor effects are seldom seen, despite the infusion of
large numbers of highly specific antitumor CTLs [3]. Analysis of the migration of infused
CTLs following labeling with radioisotopes such as 111In suggests that poor trafficking of
CTLs to distant tumor metastases may be one reason for this shortcoming [4–6]. 111In and
other radioisotopes have been shown to suppress T cell function, including proliferation and
cytotoxicity [7], indicating that development of alternative imaging techniques that both are
nontoxic to the cells and allow in vivo tracking of CTLs would be useful for understanding the
migration and biodistribution of CTLs following adoptive transfer.

Bioluminescence imaging is now a common imaging tool in mice [8–11], where genetic
modification of T cells with bioluminescent reporter genes allows detection and analysis of
migration [12]. However, bioluminescence imaging requires injection of substrate (e.g., D-
luciferin), and light emitted from this reaction can be attenuated by tissue light scattering and
absorption by blood proteins including hemoglobin, myoglobin, and bilirubin, which limit
detection sensitivity [13]. Other in vivo imaging techniques are available for monitoring the
fate of adoptively transferred cells, including radiography, magnetic resonance imaging [14–
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16], and positron emission tomography [17,18]. While these methods allow deep tissue
penetration, they are expensive and often lack sufficient resolution for precise trafficking
studies.

Red (∼625–740 nm) to near-infrared (NIR, ∼700–1000 nm) fluorescence molecules have
recently been used for noninvasive in vivo imaging because of their low tissue absorption
compared with other fluorescent probes such as green fluorescent protein [13,19,20]. The high
photon count generated from fluorescent probes (109 imagable photons per fluorescent
molecule per second) allows greater resolution than nuclear imaging techniques (1 imaging
photon event per radiotracer molecule) [21,22] permitting real-time, dynamic imaging of
biological processes [20,23–25]. Swirski et al. demonstrated that murine splenocytes could be
labeled with a biocompatible far-red fluorophore [VT680, 670 nm excitation (ex), 688 nm
emissions (em)] that could be tracked noninvasively in mice with high sensitivity and resolution
by in vivo optical imaging [20]. While this study demonstrated the feasibility of using
fluorescent dyes for observing T cell migration, NIR dyes with longer wavelengths (>750 nm)
may allow even greater tissue penetration and sensitivity. Adams et al. recently compared the
in vivo sensitivity of far-red versus infrared dyes for detecting tumors in mice by using
epidermal growth factor receptor antibody conjugated to either Cy5.5 (ex/em 660/710 nm),
which has properties similar to VT680, or to the NIR dye IRDye800CW (ex/em 785/830 nm)
[26]. This study demonstrated that IRDye800CW resulted in significantly reduced background
noise and an enhanced signal-to-background ratio.

Here we examine the IRDye800CW for its ability to bind to human T cells and allow the
tracking of migration following injection into immune deficient mice. Like VT680,
IRDye800CW bears an N-hydroxysuccinimide (NHS) reactive group that allows the molecule
to couple to free amino groups on proteins to form a stable conjugate. We hypothesized that
incubating T cells with the NIR molecule would subsequently allow rapid and nontoxic in
vivo NIR optical imaging. In this study, we demonstrate that IRDye800CW efficiently binds
to T cell surface proteins without affecting T cell function while enabling the study of T cell
trafficking and migration to distant tumor sites following intravenous injection.

2. Methods
Donors and cell lines

Peripheral blood was obtained with informed consent from healthy Epstein–Barr virus (EBV)
seropositive individuals by using an approved protocol from the Baylor College of Medicine
Institutional Review Board. Peripheral blood mononuclear cells (PBMCs) were isolated in BD
Vacutainer CPT tubes [Becton Dickinson, Franklin Lakes, New Jersey (BD)]. PBMCs were
used to generate EBV-transformed B cell lines (LCLs) as previously described [1,2]. LCL,
nontransduced Karpas-299 (K-NT), and Karpas transduced to secrete the chemokine CCL5
(K-CCL5) were maintained in RPMI 1640 supplemented with 2 mM GlutaMAX-1 (Invitrogen,
Carlsbad, California) and 10% fetal bovine serum (Hyclone, Logan, Utah). Cytotoxic T
lymphocytes and T cell blasts were expanded and maintained in 45% RPMI 1640, 45% Click
(Eagle Ham amino acids, Irvine Scientific, Santa Anna, California), 2 mM GlutaMAX-1, 10%
fetal bovine serum, referred to hereafter as T cell media (TCM).

Generation of EBV-specific CTLs and OKT3 T cell blasts
EBV-specific CTLs were generated as previously described [1,2]. Briefly, PBMCs were
stimulated in 24-well plates with autologous LCL at a responder-to-stimulator ratio of 40:1.
After 1 week, CTLs were restimulated with LCL at a ratio of 40:1 in the presence of 50 U/ml
(units per milliliter) IL-2 (Proleukin, Chiron, Emeryville, California). EBV-specific CTLs were
further expanded by weekly restimulation in IL-2 containing TCM. To generate OKT3 T cell
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blasts, nontissue culture treated plates were coated with 1 μg/ml of OKT3 (anti-CD3 antibody;
Ortho Biotech, Bridgewater, New Jersey) overnight at 4°C. After the plate was washed to
remove excess antibody, 5 × 105 PBMCs were plated in TCM supplemented with 100 U/ml
IL-2. After 3 days, activated T cells were harvested and expanded in TCM containing IL-2.

Labeling CTLs with IRDye800CW NHS ester infrared dye
IRDye800CW and IRDye700DX (Li-Cor Biosciences, Lincoln, Nebraska) were diluted as per
the manufacturer's recommendations in dimethyl-sulphoxide (DMSO) to a stock concentration
of 1 μg/ml. Initial dye binding studies used IRDye700DX, and OKT3-activated T cells were
labeled with an increasing concentration of dye (0–100 μg/ml). For labeling, T cells were
resuspended at 1 × 107 cells/ml in phosphate-buffered saline (PBS, pH 7.4) and incubated with
dye for 2 h at room temperature. Following incubation, T cells were washed three times in PBS
and either resuspended in PBS for injection or cultured in TCM. Subsequent experiments using
IRDye800CW were carried out at a labeling concentration of 50 μg/ml per 1 × 107 T cells.

Flow cytotometric analysis of IRDye700-labeled T cells
To examine the binding kinetics of IRDye700DX, we incubated OKT3-activated T cells with
IRDye700DX, costained them with CD3 FITC (BD), and analyzed the cells on a FACScan
flow cytometer (BD), comparing mean fluorescence intensity (MFI) to unlabeled T cells at
increasing concentrations of IRDye700. To determine the loss of IRDye700 signal over time,
“rested” T cells (sustained in IL-2 but not activated by OKT3 within 7 days) or “activated” T
cells (2 days post OKT3 activation) were labeled and measured for IRDye700 MFI daily for
4 days.

ELIspot and cytotoxicity assays
Enzyme-linked immunosorbent spot (ELIspot) assays were performed as previously described
[24,27]. Briefly, Multiscreen 96-well plates (Millipore, Bedford, Massachusetts) were coated
with IFN-γ capture antibody overnight at 4°C. The wells were washed with PBS, then blocked
with TCM with AB sera. CTLs were resuspended in media and 1 × 105 CTLs per well were
plated in triplicate into the plate along with 1 × 104 autologous or allogeneic LCLs. In each
assay, negative controls included CTLs alone and with MHC mismatched allogeneic LCLs.
After 16–20 h, the plates were developed as previously published. The spot number was
determined in an independent blinded fashion (ZellNet Consulting, Inc., New York, New York)
using an automated ELIspot Reader System (Carl Zeiss, Inc., Thornwood, New York). For
cytotoxicity assays, standard 4 h 51Cr assays were performed. First, autologous or MHC (major
histocompatibility complex) mismatched allogeneic LCLs were labeled with 15 μM 51Cr (MP
Biomedical, Solon, Ohio) for 90 min at 37°C, then washed and incubated with increasing
numbers of effector T cells. After 4 h, supernatants were collected and analyzed in a γ counter
(Cobra Spectrum, Packard Biosciences, Meriden, Connecticut). Specific cytotoxicity was
calculated by using the following equation: % lysis = (experiment lysis − spontaneous release)/
(maximum lysis − spontaneous release) × 100.

In vivo athymic nude xenograft murine model
All animal studies were approved by the Institutional Review Board of Baylor College of
Medicine. To examine the effectiveness of IRDye800CW labeling for monitoring migration
of T cells in vivo, six to eight-week-old female athymic nude mice (Harlan Sprague Dawley,
Inc., Indianapolis, Indiana) were injected subcutaneously (s.c.) with 1 × 107 LCL or 5 × 106

Karpas (K-NT or K-CCL5) resuspended in 100 μl Matrigel (BD). After tumors were established
(7–14 days), 1 × 107 IRDye800CW-labeled T cells were injected intravenously (i.v.) in 200
μ1 PBS via the tail vein. T cell biodistribution was then measured by NIR fluorescence imaging
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at 1, 24, 48, and 72 h postinjection. Mice were sacrificed and tumors and organs were removed
for imaging and immunohistochemistry at these time points.

NIR-fluorescence-enhanced intensified CCD in vivo imaging
For in vivo fluorescence-based optical imaging, we illuminated the animal with light from a
laser diode (85 mA for 785 nm light) expanded to an ∼10 cm diameter area. We collected the
re-emitted fluorescent light by an electron-multiplying CCD camera (Model PhotoMAX:512B,
Princeton Instruments, Trenton, New Jersey). Filter sets positioned before the 50 mm lens
included a bandpass filter (830 nm center wavelength for NIR dye) to transmit fluorescent
emission light and a holographic notch-plus band rejection filter (785 nm center wavelength,
Kaiser Optical Systems, Inc., Ann Arbor, Michigan, optical density at 1x reported to be >6) to
reject back-scattered and reflected excitation light. For image acquisition we used V + +
software (Digital Optics, Auckland, New Zealand). Data processing and analysis used Matlab
software (The MathWorks, Inc., Natick, Massachusetts). The integration time for each image
was 800 ms. Dynamic imaging data were collected for up to 20–40 min.

NIR-fluorescence confocal microscopy
IRDye800CW-dye-labeled T cell nucleus was counterstained with 1 μM of Sytox Green
(Invitrogen, Carlsbad, California) in 95% ethanol for 15 min at 4°C. Images were recorded by
a fluorescent microscope and an Olympus confocal microscope outfitted with NIR diode
sources and filters (Model Fluoview 1000, Olympus America, Center Valley, Pennsylvania).

In vitro and in vivo migration assays
We used transwell migration assays to confirm that EBV-specific CTLs and OKT3-activated
T cells migrate in response to CCL5 secreted by LCL and genetically modified Karpas tumor
cells. Briefly, T cells were labeled with 0.1 mCi 51Cr for 90 min at 37°C. After the washing,
1.5 × 105 labeled T cells were placed in the top chamber containing a 0.5 μm polycarbonate
membrane insert (Transwell, Corning Inc., Corning, New York). Media containing soluble
CCL5 (0–50 ng/ml) was placed in the bottom chamber to induce T cell chemotaxis. After
incubation at 37°C for 3 h, the insert chamber was removed, and the cells were harvested and
lysed in 1% Triton-X (Sigma). We measured 51Cr release and normalized it to spontaneous
(media alone) and maximum (T cells placed directly in the lower chamber) release. To confirm
that the NIR signal detected in LCL tumors was specific to T cell migration, an in vivo migration
assay was developed. Here, 5 × 106 K-NT (left) and K-CCL5 (right) were resuspended in
Matrigel (BD) and injected s.c. into contralateral flanks. After 7 days, IRDye800CW-labeled
T cells were injected i.v., and specific migration into either tumor was measured.

Immunohistochemical analysis of T cell infiltration
To verify that the NIR fluorescent signal originated from IRDye800CW-labeled T cells, we
fixed mouse tissue (heart, liver, lungs, spleen, and tumor) in 10% neutral buffered formalin (v/
v) (Richard-Allan Scientific, Kalamazoo, Michigan) and then placed it in paraffin blocks.
Paraffin sections were then examined for histology following hematoxylin and eosin staining.
To distinguish between infiltrating T cells and LCL tumor cells, paraffin sections were stained
with human anti-CD3 (BD) antibody followed by biotinylated goat secondary antibody and
then peroxidase-labeled streptavidin. CD3 antigen was visualized by incubation with
aminoethylcarbazole (AEC) substrate in the presence of hydrogen peroxide. Nonimmune
mouse IgG was used in place of specific antibody for negative control sections.

Foster et al. Page 4

Appl Opt. Author manuscript; available in PMC 2009 September 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



3. Results
Confocal analysis of IRDye800CW labeling on activated T cells

IRDye800CW contains an NHS ester reactive group that binds to primary and secondary amino
groups on proteins and that has been commonly used for the conjugation of antibodies for
immunoblot assays and as an in vivo imaging agent. To determine whether IRDye NHS ester
reagents could bind directly to cell surface proteins, T cells were incubated with IRDye700CW
NHS ester, which emits fluorescence light at 687 nm and is detectable by conventional flow
cytometers. OKT3-activated T cells were first labeled with IRDye700DX and subsequently
costained with CD3 FITC and analyzed by FACS [Fig. 1(a)]. Titration of IRDye700DX shows
that maximal labeling of T cells occurs at a concentration of 50 μg/ml, at which >95% of all
T cells are labeled with IRDye700DX [Figs. 1(a) and 1(b)]. This signal was relatively stable
in nondividing (resting) T cells, where signal was detectable for 96 h [Fig. 1(c)]. In contrast,
IRDye700DX signal was lost from rapidly dividing T cells 24–48 h after activation. Despite
detecting binding of IRDye700DX by flow cytometry, the fluorescence was suboptimal owing
to ineffective excitation with the 635 nm laser. Therefore we confirmed cell binding of the NIR
variant, IRDye800CW, using a confocal microscope fitted with a NIR diode laser. This analysis
showed that IRDye800CW binding is localized around the cell membrane, indicating that
IRDye800CW, like IRDye700DX, binds to the T cell surface [Fig. 1(d)]. Binding of
IRDye800CW is more clearly visualized when z-stack reconstruction of the confocal images
is composed into a 3D movie (see Fig. 2, Media 1). Together, these results indicate that
incubation of activated T cells with IRDye NHS ester dyes allows dye binding to cell surface
proteins.

IRDye800CW labeling does not affect EBV-specific CTL viability or function
To test the effects of IRDye800CW labeling on T cell function, labeled and unlabeled EBV-
specific CTLs were compared for proliferation, cytotoxicity and IFN-γ release following
antigen stimulation. After labeling CTLs with IRDye800CW, there was no significant decrease
in viability (>90%, not shown) and no effect on LCL-induced proliferation compared with
nonlabeled CTLs [Fig. 3(a)]. Next, we cocultured EBV-specific CTLs with autologous or
allogeneic (MHC mismatched) LCL and found that both IRDye800CW-labeled and nonlabeled
EBV-specific CTLs produced IFN-γ in ELIspot assays in response to the autologous but not
the allogeneic LCL, showing retention of MHC restricted antigen specificity [Fig. 3(b)].
Additionally, both labeled and nonlabeled CTLs had identical patterns of cytotoxicity against
autologous but not allogeneic LCL [Fig. 3(c)]. Therefore, IRDye800CW labeling does not
appreciably affect cell viability, proliferation, cytokine production (i.e., IFN-γ), or cytotoxic
function.

Analysis of EBV-specific CTL migration in vivo using IRDye800CW
Previous studies used luciferase-transduced EBV-specific CTLs injected i.v. into SCID mice
bearing s.c. LCL tumors to show that CTLs selectively migrate to the tumor site [12]. We used
similar experiments to track migration of IRDye800CW-labeled CTLs following i.v. injection.
We dynamically imaged the mice over the first 40 min post i.v. injection to measure cell-
specific biodistribution following injection of either free dye or labeled CTLs. A greater signal
from labeled CTLs was detected in the lungs of the mice compared with free IRDye800CW
[Fig. 4(a) and 5, Media 2 and 3]. Similar data are obtained by using luciferase-transduced CTLs,
which can also be detected in the lungs 1 h after i.v. injection (data not shown). Mice bearing
s.c. LCL tumors on the right flank were then imaged at 48 h to measure subsequent
accumulation of IRDye800CW signal at the tumor site. Figure 4(b) shows intense NIR signal
at the site of the s.c. tumor, in addition to nonspecific NIR signal in the kidneys, as NIR signal
accumulation occurs in mice injected with free IRDye800CW (data not shown). We also
obtained images up to 72 h post CTL injection from additional animals, which continued to
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produce NIR fluorescence (Fig. 6). Posterior imaging of the mice again showed accumulation
of the NIR signal in the urinary tract (kidneys, bladder) and at the tumor site. Signal was
detected in the liver of animals when anterior imaging was performed [Fig. 6(a)]. Excised LCL
tumor showed a strong NIR signal within the tumor itself [Fig. 6(b)]. To confirm that T cell
infiltration of the tumor had occurred, excised tumors were paraffin embedded, sectioned, and
stained (Fig. 7), showing infiltration of CD3+ human T cells within the tumor [Fig. 7(a) and
7(b)]. The same immunohistochemistry sections were also NIR-derived signal positive [Fig.
7(c)].

IRDye800CW labeling allows detection of enhanced migration of T cells to CCL5-producing
tumors

Activated CTLs express high levels of the chemokine receptor CCR5, which induces specific
migration to the chemokine CCL5 [28]. Overexpression of CCL5 in the cell line Karpas-299,
which does not normally produce the chemokine, allows CTL chemotaxis to be measured. We
used transwell migration assays to demonstrate that CTLs would migrate to CCL5 in vitro [Fig.
8(a)]. Next, mice were injected with K-NT (left flank) and K-CCL5 (right flank) followed by
injection of IRDye800CW-labeled CTLs. After 48 h, whole body imaging showed
accumulation of NIR signal in the CCL5-producing tumor (K-CCL5) but not in the
nontransduced tumor (K-NT) [Fig. 8(b)]. After excision we measured fluorescence signal from
each tumor, and, as anticipated, NIR signal was greater from K-CCL5 than from K-NT [Fig.
8(c)]. As an internal control, the regional inguinal lymph nodes are shown for both sides, which
also have limited NIR signal. These data suggest that NIR signal detected in LCL and Karpas
tumors is due to the infiltration of IRDye800CW-labeled T cells rather than to nonspecific
accumulation.

4. Discussion
Adoptive transfer of antigen-specific CTLs for the treatment of cancer and infectious disease
is dependent on the cellular trafficking to areas of disease. To follow the complex biological
processes that govern lymphocyte migration, novel techniques for measuring T cell behavior
in vivo are needed. In this study, we showed that an NIR fluorophore, IRDye800CW, allows
tracking of T cell biodistribution and specific migration to distant tumor sites. We found that
IRDye800CW rapidly and efficiently labeled both CD3-activated T cell blasts as well as EBV-
specific CTLs without affecting their viability, proliferation, or function (e.g., cytotoxicity and
IFN-γ production). Importantly, it was possible to detect the accumulation of IRDye800CW-
labeled T cells following intravenous infusion in subcutaneous tumors up to 72 h post injection,
demonstrating the stability and sensitivity of the NIR molecule.

Gamma scintography using radioisotopes such as 111In have been most commonly used to
track the migration of immune cells following adoptive transfer [4–6]. However, as observed
by Botti et al. [7], we found that labeling EBV-specific CTLs and OKT3-activated T cells with
as little as 5 pCi/cell 111In-oxine resulted in significant radiation-induced toxicity and
impairment of effector function (data not published). As demonstrated by this study and others,
NHS ester dyes such as VT680 [20] and IRDye800CW do not affect the viability or function
of labeled T cells, indicating that they appear to be generally biocompatible with T
lymphocytes.

Swirski et al. demonstrated that T cell migration can be successfully monitored in vivo by
optical imaging using VT680, which has excitation and emission of 670 and 688 nm,
respectively [20]. One limitation to optical imaging is autofluorescence produced by host
tissue, which can significantly reduce the signal-to-background ratio. However, the use of
optical probes with higher emission wavelengths (∼800 nm) may improve sensitivity by
reducing the background produced in the far-red spectrum. Indeed, a direct comparison
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between the NIR dye IRDye800CW and the far-red dye Cy5.5 indicated that NIR fluorescence
reduced background and improved detection of tumors when conjugated to a tumor-specific
antibody (epidermal growth factor receptor) [26]. This reduction may be essential for adoptive
immunotherapy studies where the detection of a small number of cells is required.

While the in vivo imaging results from this study were encouraging, there were several
limitations to the NIR NHS ester dyes that must be taken into consideration for adoptive therapy
studies. First, unlike proteins that can be expressed in T cells through gene modification (e.g.,
green fluorescent protein and luciferase), IRDye800CW signal decreased rapidly in dividing
cells, making it unsuitable for experiments addressing long-term persistence or in vivo
proliferation. Additionally, we observed NIR signal accumulation in the liver and kidney,
which not only limited the signal-to-background ratio at tumors injected near these organs, but
also suggested that dye was released in vivo during the process of cell division or cell death.
Excision of s.c. tumors showed T cell infiltration by immunohistochemistry and diffuse
accumulation of NIR signal by confocal microscopy. However, because of technical issues
regarding loss of NIR signal during formalin fixation and processing, we were unable to
demonstrate NIR signal on CD3+ T cells within the tumor. Nevertheless, the NIR signal from
IRDye800CW detected in s.c. tumors was dependent on T cell migration, indicating that this
technique is sufficient for in vivo imaging studies using human T cells. In summary, these data
suggest that use of IRDye800CW, like other NHS ester dyes, is an attractive method to follow
the fate of cells in adoptive transfer studies with minimal manipulation.
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Fig. 1.
Labeling T cells with NHS ester dye. (a), (b) OKT3-activated T cells were incubated with
IRDye700DX at concentrations between 0 and 200 μg/ml and analyzed by flow cytometry for
MFI. Costaining with CD3 FITC shows that at 50 μg/ml, >90% of T cells are labeled with
IRDye700DX. (c) Rested (>7 days post OKT3 stimulation) and activated (>2 days post
stimulation) were labeled with IRDye700DX and analyzed for MFI daily. Activated T cells
rapidly lost IRDye700DX signal, whereas nonproliferating T cells retained NIR signal. (Media
1) (d) To demonstrate that IRDye800CW binds to T cells, OKT3-stimulated T cells were
incubated with IRDye800CW and then counterstained with Sytox Green. Cells were then fixed
to a slide and examined by a confocal microscope fitted with a NIR diode source. Individual
stack images were reconstructed to observe the colocalization of IRDye800CW.
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Fig. 2.
Confocal microscopy of IRDye800CW-labeled OKT3-activated T cells. This movie is
compiled from z-stack images from T cells costained with IRDye800CW and Sytox Green.
Reconstruction of the images demonstrates the specific labeling of IRDye800CW on T cells.
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Fig. 3.
IRDye800CW does not affect proliferation and function of EBV-specific CTLs. (a)
IRDye800CW-labeled and nonlabeled EBV-specific CTLs were stimulated with autologous
LCL enumerated for proliferation. No difference in CTL expansion was observed over a 14
day period. (b) IRDye800CW-labeled and nonlabeled CTLs were analyzed for the effect of
IRDye800CW binding on cytotoxic function against autologous and allogeneic LCL. Both
nonlabeled and IRDye800CW-labeled CTLs were capable of recognizing and lysing
autologous LCL but not allogeneic LCL. (c) Labeled and unlabeled control CTLs were
compared for IFN-γ production in an ELIspot assay against autologous and allogeneic LCL.
IRDye800CW did not affect the ability of CTLs to produce IFN-γ.
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Fig. 4.
IRDye800CW allows measurement of biodistribution and migration of CTLs. (Media 2)
(Media 3) (a) Athymic nude mice were injected s.c. with LCL cells followed by injection of
either IRDye800CW dye alone (left panel) or EBV-specific CTLs labeled with IRDye800CW.
After 1 h, mice were imaged for NIR signal. Mice injected with IRDye800CW alone show
nonspecific NIR accumulation in the liver, whereas mice injected with CTL + IRDye800CW
show that CTLs accumulate in the lungs shortly after i.v. injection. (b) After 48 h, mice with
injected with IRDye800CW-labeled CTLs were examined for NIR signal. NIR signal
accumulation was observed in the tumor site (indicated by an arrow) and nonspecific signal in
the kidneys, demonstrating that IRDye800CW labeling can be used to detect migration of CTLs
to distant tumor sites.
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Fig. 5.
Dynamic imaging of mice injected with IRDye800CW alone or labeled T cells. Mice were
injected with IRDye800CW alone in PBS, and images were taken at intervals of 800 ms for
40 min. Mice were injected with T cells labeled with IRDye800CW, and images were taken
as above. Compilation of the images to generate a movie shows the accumulation of NIR signal
in the lungs and liver of mice injected with IRDye800CW-labeled T cells, whereas mice
injected only with dye show only nonspecific signal in the liver.
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Fig. 6.
IRDye800CW NIR signal shows specific accumulation to LCL tumors. (a) Analysis of mice
with s.c. LCL tumors (indicated by an arrow) demonstrate nonspecific NIR signal in the
kidneys (posterior view) and liver (anterior view). However, NIR signal persists within the
tumor site for up to 72 h post CTL injection (top left panel). (b) Excision of the LCL tumor
and cross sectioning showed NIR signal within the LCL tumor, suggesting CTL infiltration.
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Fig. 7.
CTLs infiltrate LCL tumor and are responsible for NIR signal. (a) Excised LCL tumors were
sectioned and hematoxylin and eosin stained; (b) by immunohistochemistry for human anti-
CD3 antibody. (c) The same tissue slices were subsequently examined on a microscope fitted
with NIR filters. These tumor slices show the presence of NIR signal.
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Fig. 8.
In vivo migration assays demonstrate specific NIR signal accumulation by CCL5-homing
CTLs. (a) EBV-specific CTLs and OKT3 stimulated T cells express the chemokine CCR5 and
migrate in response to CCL5 chemokine secretion. Here, EBV-specific CTLs show specific
migration towards CCL5 in transwell migration assays. (b) To demonstrate specific NIR signal
accumulation by CTLs, nonmodified Karpas tumor cells (K-NT) or Karpas cells transduced
with the chemokine CCL5 (K-CCL5) were injected s.c. into the left and right flank,
respectively. Next, IRDye800CW-labeled CTLs were injected i.v., and mice were imaged for
NIR signal after 48 h. NIR signal accumulated in K-CCL5 tumors but not in K-NT tumors,
demonstrating that NIR signal is dependent on migration of CTLs into the tumor tissue rather
than any nonspecific accumulation. (c) Both K-NT and K-CCL5 tumors and local inguinal
lymph nodes (LN) were excised and imaged for NIR signal. As observed by noninvasive
imaging, K-CCL5 showed higher NIR signal than K-NT tumors, indicating that CTL migration
was responsible for NIR signal accumulation.
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